The cotton bollworm Helicoverpa armigera (Hü bner) (Lepidoptera: Noctuidae) is a widespread pest of many cultivated and wild plants in Europe, Africa, Asia, and Australia. In 2013, this species was reported in Brazil, attacking various host crops in the midwestern and northeastern regions of the country and is now found countrywide. Aiming to understand the effects of different host plants on the life cycle of H. armigera, we selected seven species of host plants that mature in different seasons and are commonly grown in these regions: cotton (Gossypium hirsutum, "FM993"), corn (Zea mays, "2B587"), soybean (Glycine max, "99R01"), rattlepods (Crotalaria spectabilis), millet (Pennisetum glaucum, "ADR300"), sorghum (Sorghum bicolor, "AGROMEN70G35"), and cowpea (Vigna unguiculata, "SEMPRE VERDE"). The development time of immatures, body weight, survivorship, and fecundity of H. armigera were evaluated on each host plant under laboratory conditions. The bollworms did not survive on corn, millet, or sorghum and showed very low survival rates on rattlepods. Survival rates were highest on soybean, followed by cotton and cowpea. The values for relative fitness found on soybean, cotton, cowpea, and rattlepods were 1, 0.5, 0.43, and 0.03, respectively. Survivorship, faster development time, and fecundity on soybean, cotton, and cowpea were positively correlated. Larger pupae and greater fecundity were found on soybean and cotton. The results indicated that soybean, cotton, and cowpea are the most suitable plants to support the reproduction of H. armigera in the field.
The cotton bollworm Helicoverpa armigera (Hü bner) (Lepidoptera: Noctuidae) is a polyphagous generalist pest species that occurs worldwide. It is an important insect pest on many cultivated and wild plants in Europe, Africa, Asia, and Australia (Fitt 1989 , Zalucki et al. 1994 . H. armigera can attack more than 172 plant species from 68 different families (Zalucki et al. 1986 (Zalucki et al. , 1994 Fitt 1989; Singh et al. 2002; Cunningham and Zalucki 2014) . Because of its polyphagy, mobility as adults, and high fecundity (Fitt 1989) , H. armigera has a high potential to invade and extend the areas of infestation. The species has recently invaded South and Central America (Czepak et al. 2013 , Tay et al. 2013 , Mú rua et al. 2014 , North American Plant Protection Organization 2014 , although it was likely present in South America for some time before it was detected (Kriticos et al. 2015) .
In Brazil, H. armigera was considered to be an A1 quarantine pest until 2012. However, in 2013, this species was reported in different host crops in the midwestern and northeastern regions of the country (Czepack et al. 2013) . The estimated crop losses from H. armigera attacks in these areas are more than US$2 billion, including the direct loss of productivity and resources spent on phytosanitation products for the main Brazilian agribusiness crops (Ministério da Agricultura, Pecu aria e Abastecimento [MAPA] 2014).
Agricultural practices in Brazil use mainly annual cropping systems that create a shifting mosaic of habitats that vary spatiotemporally. Despite the instability of these systems due to the annual sequence and seasonality of crop varieties, H. armigera populations can persist and expand their range using uncultivated or nontarget crops as a bridge when the main cultivated crops are scarce. The time-limited characteristics of the host plants exploited and the sequence in which target and nontarget plants become available to H. armigera populations can influence its spatiotemporal population dynamics (Kennedy and Storer 2000) and have important consequences for the population density, spread and spatial distribution pattern in the agricultural landscape (Wardhaugh et al. 1980) .
To understand what plant species can be considered a true host or an alternative (poor, i.e., only marginally suitable) host, we selected seven host plants: cotton, corn, soybean, rattlepods, millet, sorghum, and cowpea. These crops are commonly cultivated in western Bahia State (one of the regions where H. armigera was first officially reported). Because they have different growing seasons, H. armigera populations could potentially exploit them in turn through the year. The development time of immatures, body weight, survivorship, and fecundity of H. armigera feeding on each plant host were evaluated in the laboratory. On the basis of the fitness results for H. armigera on these different host plants, we evaluated their suitability and potential contribution to H. armigera population sizes. Our findings can be applied to design a comprehensive IPM scheme and to help understand the rapid expansion of this polyphagous species in different areas in Brazil.
Materials and Methods

Insect Colony and Plant Sources
The seven host plants: cotton (Gossypium hirsutum, "FM993"), corn (Zea mays, "2B587"), soybean (Glycine max, "99R01"), rattlepods (Crotalaria spectabilis), millet (Pennisetum glaucum, "ADR300"), sorghum (Sorghum bicolor, "AGROMEN70G35"), and cowpea (Vigna unguiculata, "SEMPRE VERDE") were grown under field conditions at the University of Sã o Paulo -USP/ESALQ, without pesticides.
A laboratory colony of H. armigera was established with approximately 200 individuals collected from farms in western Bahia State (12 5 0 58 00 S, 045 047 0 54 00 W) in January 2014. New individuals were frequently added to the laboratory colony to prevent a founder effect. The adult moths were reared in cages made of PVC tubes (14 by 20 cm) closed at the top with a fine-mesh net and were allowed to mate. The adult moths were provided with a 10% honey solution. The eggs were collected from the mesh net every 48 h. After hatching, the larvae were reared on artificial diet (Greene et al. 1976 ) at 25 C with a photoperiod of 14:10 (L:D) h. The insects tested on different host plants were reared for at least five generations on the artificial diet to prevent any influence of the host used for the source colony (i.e., preimaginal conditioning).
Development and Survivorship of Immature Stages
For each host plant treatment, we used 600 newly hatched larvae obtained from the laboratory colony. The larvae were reared in groups of 50 in Petri dishes (15 by 2 cm) until the third instar, when they were separated in individual small Petri dishes (6 by 2 cm) to prevent cannibalism. For the first larval instar reared on soybean, cotton, and cowpea, we provided leaves; after they reached the third instar, in addition to the leaves we offered pods (soybean or cowpea) or cotton bolls. For larvae reared on corn, millet, and sorghum, at the beginning of the experiment we offered leaves and reproductive structures: parts of spikelets (anthers and ovaries) of sorghum and millet, and fresh corn kernels and silk, since the first instars of H. armigera are most commonly found on these host structures in the field (Teakle and Byrne 1988, Liu et al. 2004 ). The leaves and other plant parts were changed each day until pupation. After the pupae were 24 h old, they were weighed and separated by sex (Butt and Cantu 1962) . Individual insects were checked daily, and survival, pupal weight, and the durations of the immature stages and the pupal period were evaluated.
Adult Longevity and Reproduction
The adult moths emerging from each host-plant treatment were placed in plastic containers supplied with 10% honey solution (one pair per container). The eggs were collected from each cage every 24 h, until the females died. The adult mortality was recorded daily. The longevity and fecundity of each mating pair were determined for each host plant. Subsequently, the female moths were dissected and examined for the presence of spermatophores, to determine whether they had mated (Liu et al. 2004) . The eggs were maintained in plastic containers at 25 C for 5 d, to evaluate the hatching rates.
The egg viability was estimated from the total number of hatched larvae/total number of eggs laid during the entire female adult period.
Data Analyses
The effects of different host plants and the sex of individuals on the development time and pupal weight of immatures and the adult longevity of H. armigera were analyzed with two-way analysis of variance, and the means separated by Tukey's honestly significant difference test (P ¼ 0.05) using R Software (R Development Core Team 2015). Individuals that died prior to maturing and adults that died without producing viable eggs were excluded from the analyses. Survivorship and sex-ratio comparisons among individuals reared on different host plants were tested by v 2 .
Results
Survivorship of Immature Stages
The survivorship of immature stages was significantly different among host plants (Table 1 ). Larval survival rates were lowest for instars 1-2 on all host plants. The overall survivorship was lower than 9.2%, for all host plants (Table 1 ). The highest survivorship was observed on soybean, followed by cotton and cowpea. The lowest survivorship was observed for larvae reared on rattlepods; only 0.34% of individuals reached the adult stage. On corn, millet, and sorghum, larval mortality was 100% (Table 1) . Considering the survivorship on soybean as reference (W soybean ¼ 1), the values for relative fitness (W) found on soybean, cotton, cowpea, and rattlepods were 1, 0.5, 0.43, and 0.03, respectively (Table 1) . Since the larvae reared on corn, millet, and sorghum died before reaching the pupal stage, and on rattlepod only two individuals reached the adult stage (Table 1) , we considered only soybean, cotton, and cowpea as host plants for analyses of development times of immatures and adult longevity.
Development of Immature Stages and Pupal Weight
The host plants significantly affected the development time of the larval stage (host plant F 2,108 ¼ 22.06, P < 0.001; sex: F 1,108 ¼ 1.27, P ¼ 0.262; host plant by sex F 2,108 ¼ 0.072, P ¼ 0.931). Larvae fed on soybean and cotton developed faster than those fed on cowpea ( Table 2 ). The duration of the pupal stage was affected by the interaction effects of sex and host plant (host plant F 2,108 ¼ 79.64, P < 0.001; sex: F 1,108 ¼ 7.97, P ¼ 0.006; host plant by sex F 2,108 ¼ 85.83, P < 0.001). Females fed on cotton showed the longest pupal stage ( Table 2 ). The pupal period of males did not differ among host plants (Table 2) . Differently from other host plants, male and female pupae of larvae reared on cowpea did not differ in the duration of that stage (Table 2) . H. armigera pupal weight was affected by the sex of individuals and by the host plants (host plant F 2,108 ¼ 40.6, P < 0.001; sex: F 1,108 ¼ 4.66, P ¼ 0.033) ( Table 2 ). The interaction of host plant and sex did not significantly affect the pupal weight (F 2,108 ¼ 0.052, P ¼ 0.949). Pupae from these emerged males were heavier than pupae from emerged females. Pupae of larvae reared on cotton were heavier than those of larvae reared on soybean and cowpea (Table 2) .
Adult Emergence and Longevity
The periods corresponding to 75% of emergence for adults reared on soybean, cotton, and cowpea were on days 30-35, 33-37, and 33-41 of their life cycles, respectively (Fig. 1) . The majority of moths reared on soybean emerged early, followed by moths reared on cotton and cowpea (Fig. 1) . The period corresponding to 75% of emergence for moths reared on cotton was shorter (4 d) compared to moths reared on soybean (6 d) and cowpea (8 d).
Host plants had no effect on H. armigera adult longevity. The sex of the insects did affect adult longevity (host plant F 2,61 ¼ 2.19, P ¼ 0.12; sex: F 1,61 ¼ 11.67, P ¼ 0.0011); adult males lived longer than females (Table 2 ). The sex ratio of populations reared on soybean, cotton, and cowpea did not differ significantly (v 2 ¼ 0.048, P ¼ 0.97) and was close to 0.5 (Table 2) . The high mortality of the immature stages and the different periods of the male and female pupal stages did not allow us to establish enough moth couples per host-plant treatment to assess the statistical significance of the reproductive data. For moths reared on soybean, cotton, and cowpea, respectively, we obtained 20, 6, and 7 couples of H. armigera but only 14 (70%), 4 (66.7%), and 7 (100%) females bore spermatophores, and only 8, 2, and 6 females (57.2%, 50%, and 85.7%) produced viable eggs. The number of spermatophores found was not correlated with the number of eggs produced. Females from larvae reared on cotton and soybean laid more eggs (436 6 39.59 and 433 6 116.74, respectively) than those reared on cowpeas (274.16 6 152.55). The viability of eggs produced by females reared on soybean, cotton, and cowpea was 62.35%, 71.10%, and 63.13%, respectively.
Discussion
The population of H. armigera tested did not survive on corn, millet, and sorghum and exhibited very low survival rates on rattlepods, indicating that these plants are poor hosts for the larvae. Despite the high mortality rates previously described for first-instar larvae (Zalucki et al. 2002) , survival rates were highest on soybean, followed by cotton and cowpea, suggesting that these host plants are more suitable and allow H. armigera to complete its entire life cycle.
In polyphagous insects such as H. armigera, the temporal variation and the diversity of plant hosts raises the question of the importance of each host-plant species for the larval traits: are the larvae capable of surviving and completing development on the plant where the female laid its eggs? Studies have shown that the host oviposition preference of the adult is not always related to the performance of the offspring (Zalucki et al. 1986 , Berdegué et al. 1998 , Jallow and Zalucki 2003 , Cunningham and Zalucki 2014 . This lack of relationship stems from the wide variations in adult host choice and larval performance under different ecological conditions and selection pressures (Thompson 1988) . For this reason, the recent reports of H. armigera immatures on various host plants do not necessarily mean that the larvae will reach the adult stage on those species (Kitching and Zalucki 1983 , Jallow and Zalucki 2003 , Cunningham and Zalucki 2014 ).
The reported presence of H. armigera on corn, millet, sorghum, and rattlepods in cultivated areas in Brazil may result from many factors not necessarily related to the nutritional benefits of the host plants. For instance, the presence of eggs on these host plant species can be influenced by the disproportionate frequency in which females encounter a true or an alternative (poor) host, leading the females to oviposit on a more numerous and accidental host, on which their larvae cannot feed well (Thompson 1988, Jallow and Zalucki 2003) . In Brazil, most millet, sorghum, and rattlepod crops are normally planted after the main crops (soybean, cotton, and corn) are harvested. Probably, because of the absence of true hosts, the moth generations derived from the main crops then lay their eggs on these off-season crops. In this case, even a few surviving larvae could ensure the presence of some individuals, until the population increases in the next main-crop growing season (Wardhaugh et al. 1980, Jallow and Zalucki 2003) .
Studies also have shown that the flowering period strongly influences the oviposition behavior of H. armigera (Wardhaugh and Room 1980 , Teakle and Byrne 1988 , Cunningham and Zalucki 2014 and Means within columns followed by different small letters are significantly different at P < 0.05 (i.e., comparison among host plants). Means within rows followed by different capital letters are significantly different at P < 0.05 (i.e., comparison between male and female for a specific item).
*The effect of host plants on H. armigera adult longevity was not significant (F ¼ 1.951; P ¼ 0.151).
the female moths can choose host plants on which their offspring fitness is very low (Jallow and Zalucki 2003) . Therefore, the reported presence of H. armigera on corn, millet, sorghum, and rattlepod in the field may reflect their attractiveness to the adult moths and not necessarily a positive correlation between host-plant choice and larval performance.
Occurrences of H. armigera on these unsuitable hosts may also result from the choice of female moths to oviposit preferentially on hosts that ensure higher survivorship of the eggs. Older larvae could then move to more nutritionally adequate hosts (Thompson 1988 , Berdegué et al. 1998 , Cunningham and Zalucki 2014 . A high abundance of natural enemies on some host plants may also lead females to lay their eggs on a nutritionally inferior host, to better protect their progeny (Thompson 1988) . In summary, many factors must be considered before a plant species can be defined as a true host. For these reasons, reports of H. armigera in some crop systems should be evaluated with care.
Attacks of H. armigera on corn have been reported in Asia, Europe, and Australia (Maelzer and Zalucki 1999 , Liu et al. 2004 , Scott et al. 2006 , Fefelova and Frolov 2008 . However, in Brazil, the occurrence of H. armigera on corn is controversial. A recent study of H. armigera distribution in Brazil called attention to morphological similarities between H. armigera and Helicoverpa zea (Boddie) (Leite et al. 2014) . Because these are sibling species and are capable of copulating and producing fertile offspring under laboratory conditions (Mitter et al. 1993 , Cho et al. 2008 , reports of them on potential host species in Brazil may be questionable.
Based on a phylogeographic analysis of natural H. armigera and H. zea populations sampled in midwestern and northeastern Brazil, Leite et al. (2014) reported a high prevalence of H. armigera on dicotyledoneous hosts (i.e., soybean, cowpea and cotton), while H. zea was prevalent on corn. On millet and sorghum, the authors reported a low occurrence of H. armigera. Our results showed that the H. armigera immatures were unable to complete their development on corn, millet, and sorghum, in agreement with the findings of Leite et al. (2014) for the distribution of H. armigera in Brazil. On the other hand, field studies in Australia have shown that sorghum and corn are potential host plants and have contributed to increases of H. armigera populations in agricultural areas (Wardhaugh et al. 1980, Maelzer and Zalucki 1999) . Probably after some years, H. armigera may become more common on these crops, due to adaptation of the species to Brazilian conditions.
Regarding the analyses for soybean, cotton, and cowpea, our results showed that the components of performance (survival, development time, and fecundity) were positively correlated. On soybean and cotton, H. armigera showed high survival rates and produced heavier pupae, and although few mated females emerged in each host-plant treatment, the adults reared on these host plants were more fecund. The shorter development times and greater fecundity indicated that soybean and cotton were more suitable hosts for H. armigera than cowpea (van Lenteren and Noldus 1990) .
Host plants influenced the moth emergence time. The moths originated from larvae reared on soybean emerged earliest, followed by those reared on cotton and cowpea (Fig. 1) . Taking into account that for H. armigera, the mosaic of different crops in season and offseason periods can allow populations to persist year-round, differences in the length of the life cycle on each host plant can have direct consequences for the regional population dynamics (Teakle and Byrne 1988, Maelzer and Zalucki 1999) .
A better understanding of the biology and feeding habits of H. armigera on its many hosts is essential to understand its adaptation to different environments and to formulate successful management practices to maintain this pest at numbers below the economic threshold for crop damage. Our results suggest that the dicotyledonous species studied were more suitable for increasing the H. armigera population. However, further studies focusing on the performance of populations in the field are recommended, to confirm the role of host-plant suitability in the persistence of H. armigera. Although our results are based on laboratory observations, this study provides insights into the dynamics of a polyphagous pest recently introduced into Brazil.
